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Introduction

We have described the advantages and history [1-4] of Fourier-transform x-ray holography asa
potentia high-resolution imaging scheme in an earlier paper [5]. In this paper we present some further
arguments concerning the andysis of this type of diffraction problem and the derivation of high-
resolution images from the measured data. We aso report our experimenta assessment of random
pinhole arrays and aerogel s as possible holographic reference objects.

Theory of Fourier-Transform Holography

Congder the plane-wave illumination of two objects producing exit-wave amplitudesf and g and
angular spectraF and G respectively. We can show by standard Fourier-optics methodg 6] thet the
intensity recorded by the detector (in the far field) is the Fourier transform hologram
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where the complex phase factors result from the spacing of the two objects, b, according to the shift
theorem. Normally we would regard one of the objects (say g) as the reference object and seek to
meake arecondruction by illuminating the hologram by the origind reference wave from g and back
propagating the result to the object plane. We generdize that dightly here and use the wave from
another object g' which may or may not equa g [7]. The resulting complex amplitudey inthe sample
planeisthen

y (X) = g% Ry +g® Ry + f(x- b)* Ryge* (- X- b)* (g% g)

where Ry, isthe cross correlation of g and g'. If wetake g and g' to be ddltafunctions or at least single
sharp peaks then the usua four holographic image terms, the autocorreaion functions of f and g and the
true and conjugate images, arevishlein y . Snce thisis an off-axis hologrgphic scheme the twin images

will be separated if the origina objects are sufficiently separated.

Reconstruction of High Resolution I mages. Deconvolution

We are interested in ways to achieve a high-resolution image without having to redlize a point-like
reference object. Therefore, following Stroke [ 7], we firgt note that the interesting true-image term is
convolved with Ryg'. Thusif Ryy' is sufficiently point-like, then a high-resolution image immediiately
results. One interesting caseiswhen g = g'and g isarandom array of pinholes or other smal objects. In
this case Ryy' reduces to the autocorrel ation of a single object and a high-resolution true image again
results. (g * g'does not smilarly reduce and the conjugate image does not reconstruct). There may be
other waysinwhich Ryy' can be made small, however we are also interested in the general case when g
isknown but Ryg' isnot small. In such a case a high-resolution image can till be recovered if a
deconvolution can be implemented.

The standard way to do this starting from y would beto calculate FY{F(y )/GG'*}. However we
can do the same thing more directly by taking F*{1,;/G*}. Evidently the power spectrum of g should be
non-zero a dl frequencies x4/l z for which we desre information. Unfortunately thisis unlikdy to



happen because, even for objects with the right spectral coverage like random pinhole arrays, the
power spectrum (i. e. the diffraction pattern) will be a speckle pattern with many zeros. The way around
this, which aso alows some correction for pectrd distortion due to noise, isto use a Wiener filter [8].
The recovered imageisthen
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where F istheratio of the noise power to signa power. This provides a pathway to high resolution for
reference objects which are known. In principle this can aso include unknown reference objects
because one can holograph apair of complex objects, areference and a sample, placed with sufficient
separaion, and recover the structure of both via the iterative Fourier-transform agorithm [9]. A
diffraction tomography experiment could then proceed by rotating the sample through at least 180°
while keeping the reference object fixed in the pasition in which its exit-face wave function was
measured.

Experiments and Results: Practical Reference Objects

We have made experimentd tests of pinhole arrays and silica aerogedls as candidate reference
objects on beamline 9.0.1. The pinholes were about 10 nm in diameter and were produced by etching
damage tracks made in 5-um-thick mica plates by a4 MeV a—particle beam. The agrogels were of
pure silica, 3-4% dense and with pesk pore size of 10-20 nm. We know, based on published hard x-
ray smdl-angle patterns [ 10], that such materiads have about the right spatia-frequency coverage, 0.1-
0.001 A%, for high-resolution x-ray imaging. Ours were provided by Dr A. Hunt of the Lawrence
Berkdey Nationd Laboratory Division of Environmental Energy Technology. The choice of pinholes
was based on the theoretica arguments advanced in the previous section plus the promise of easy
measurement by standard scanned-probe or e ectron-microscope methods.

The candidate reference objects were illuminated by unmonochromeatised undulator radiation ("pink
beam") on beam line 9.0.1 at the Advanced Light Source at the Lawrence Berkeley Nationd
Laboratory. The beam was redtricted by filters, apertures and abeam stop just in front of the CCD
detector s0 that in the absence of diffraction by the sample, the count rate recorded by the detector was
essentialy zero. The beam consisted essentialy of 100% 560 eV x-rays (for maximum absorption by
mica) in the third undulator harmonic with coherence length of 120 waves and nominaly perfect spatia
coherence.

We were not able to observe the expected diffraction pattern and wave-guide effects from the
pinhole arrays. This may have been due to blockage of the holes by contamination, athough we did
apply a standard countermeasure to that (a 10~ torr background pressure of oxygen). Our observation
of the holes by eectron microscopy was necessarily done on athin surface flake of micawhich dso
leaves open the possibility of only partia penetration by the etchant. Reciprocity arguments suggest that
aignment of the holesis not critical for pinholes of this Sze (diameter = 5l ).

On the other hand the aerogel's gave good soft-x-ray scattering patterns with a spatia frequency
cutoff corresponding to about 20 A resolution (Fig. 1).

Discussion and Conclusion

Although it is reassuring that aerogd reference objects seem to work well, we have to take into
account that the scattering strength per unit volume is much reduced due to the low dendity. The
requirement isthat the integrated scattering strength of the reference should be a least as high asthat of
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Fig. 1. (Left) Measured soft x-ray scattering pattern from a silica aerogel. (Right) Scattering strength of three
interesting materials for designing a Fourier-holography experiment. Curves are calculated from tabulated atomic-
scattering-factor data.

the biological sample material relative to its background of water. To help understand this issue
we show in Fig. 1 the scattering strength of three important materials expressed in electrons per
A’. The weaker scattering of the acrogels compared to the plotted values for normal silica, could
be compensated in part by loading the aerogel with high Z material during manufacture and by
simply making the reference object larger. Although estimates of the attainable scattering
strength seem to rule out 2D arrays of gold spheres another interesting approach would be to
construct a 3D array of such spheres by means of a variant of the normal labeling process.

Overall we believe that it is practical to build suitable reference objects for x-ray Fourier
holography. Once this is done we also see a pathway to making a high-resolution deconvolution
of the image at each view direction of the tilt series in spite of the inevitable zeros in the
reference object diffraction pattern.
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